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ABSTRACT

This report describes an investigation related to the

possibility thit an accidental electrostatic discharge with-
in a munition may initiate a Composition B main charge.
The source, in the supposed mechanism, is a 1500-picofarad
capacitor charged to a maximum of 3000 volts (67,500 ergs).
The fraction of this energy available to the explosive, as
a function of time depends on the circuit parameters and the
arc ch7.racteristics. The test device used to simulate the
discharge stress applied to Lhe explosive employed a 0.05-
microfarrJ capacitor charged to 3400 volts. Approximately
10% (300,000 ergs) of the stored energy appears in the
spark gap with about a 0.2-microsecond time constant for
the discharge. Repeated application of this discharge to
the surface of the explosive did not initiate the Composition
B. A method for measuring the energy in the spark gap is
described. A mathematical model of the discharge circuit is
developed and its predictions are compared with the experl"
mental results. The potential of the test device for meaier-
ing the electrostatic sensitivity of explosives is discussed.
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INTRODUCTION

This investigation was undertaken in response tc a
request by the Ammunition Engineering Directorate to examine
the possibility that a particular electrostatic dischzrge
could initiate Composition B under conditions simulating am
improbable event within an XM409 shell. The event would
follow several switching malfunctions as well as deficiencies
in quality control in the production of the particular shell
involved. During launch, these malfunctions and deficiencies
would lead to a piezoelectric source discharging across a
gap in a defective wire or from it through damaged insulation
to a metal surface. The most severe conditions which might
occur were to be represented by a 1500-picofarad capacitor
charged to 3000 volts discharging across a f'ew-hundredths-
inch-long gap between concentric electrodes which were in

contact with cast (or crushed) Composition B. The effects
of setback pressures were also to be consiaered.

This report describes the experimental apparatus and
procedure used in the study. A technique foz determining
the amount of energy dissipated in the spark gap and other
circuit elements is given. The results and discussion
follow with suggestions for further work. Finally, in the
Appendix, a model for the dischargeof the capacitor through
the spark gap is de-scribed and results obtained with it are
compared with the experimental results.

EXPERIMENTAL DETAILS

The test item (see Fig 1) was assembled as follows:
A weighed quantity of explosive was placed in an M94 cup
which was held in loading tools modified from the standard
ones used with the M55 detonator. Next, a coaxial electrode
squib was placed on top of the explosive and subjected to the
desired pressure. (The ram was constructed so that it con-
tacted the squib only on its outer ring.) Finally, the
detonator cup was crimped, first at 450 and then flat. The
effect was to have an annular gap of 0.030 inch across glass
insulation in intimate contact with the surface of the explo-
sive. This is intended to simulate discharge conditions
across a short gap that might exist in the munition. To
obtain statistically reliable results, a very large number
of tests are required. However, it. was not practical to
carry out such large numbers of tests using single items.
Therefore, i. an effort to gather sufficient data (for
statistically meaningful results) in a reascnable length of
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time, multiple discharges were applied to single items. The
merits of this approach are treated in the DISCUSSION sec-
tion of this report.

The simulation of the discharge within the munition
proposed the delivery of 0.00675 joule (from a 1500-pico-
farad capacitor charged to 3000 volts) to the vicinity of
the explosive for an unspecified period of time. In prac-
tice, the amount of energy actually transferred from the
capacitor depends on both the resistance and the sustain-
ing voltage of the spark discharge as well as on the circuit
parameters. The resistance of a spark in air has been esti-
mated (Ref 1) to be about 0.1 ohm. If one adds to this an
assumed munition circuit resistance to give a total of one
ohin, the relaxation time would be only 1.5 nanoseconds. For
such short pulses, it was not possible with the equipment
available either to make measurements of energy at the ex-
plosive or- to provide a sufficiently iow resistance switching
circuit for multiple discharges. Therefore, modifications
were made in the simulation; the discharge circuit adopted
is shown in Figure 2. It uses a larger (0.05 microfarad)
capacitor and a resistor in series with the arc. It permits
measurements of the energy distribution with time. The
relation of the results obtained with this equipment to the
results for a 0.00675 joule 1.5 nanosecond pulse is treated
in the DISCUSSION section.

High voltage is furnished from a variable 0-5 kilovolts
power source obtained from Precise Measurements Corporation.
A KN22 Krytron (E G & G), which is a four-element cold-cathode
gas-filled switch tube operating in an arc discharge mode,
is used to transfer the voltage to the test item. This tube
dissipates a 3onsiderable fraction of the energy, as the
APPENDIX shows. It operates in the 500-5000 volt range.
The one-megohm resistor and 300-volt power source are the
"keep alive" portion of the circuitry. (This feature was,
however, found to be unnecessary with the high voltages
used.) The KN-22 is triggered through a TR-130 trigger
transformer (E G & G), either manually or by an adjustable
cam programmer (Series 324C, Automatic Timing and Controls,
Inc.). The number of discharges was monitored by a Durant
Unisystem Counter Model No. 49600-403 which would shut off
the cam programmer after a predetermined number of counts.
As Figure 2 shows schematically, the trigger requirement
is a 10-microfarad capacitor charged to 22.5 volts. The
discharge spark energy is supplied by the 0.05 microfarad
capacitor (Plastic Capacitors, Inc.). Measurements were
made with a Tektronix Type 555 oscilloscope and a P6013A
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high voltage probe., The system rise time was 14 nanoseconds.
For the tests on explosives, a 2.3-ohm resistor (R in Fig
2) was placed in series with the test item; this gives a
relaxation time of 115 nanoseconds, which is well within
the time resolution of the oscilloscope. To evaluate the
experimental techniques and obtain a model of the discharge
(See APPENDIX), resistances of 2.3, 4.7, 11, and 27 ohms
were used in series. The energies delivered to the spark
gap, the krytron, and the series r6sist6rs were determined
from photographs of the current and voltage waveforms.

A sample prepared as described above was connected to
the discharge circuit (with the center pin of the squib
used as the positive electrode) and subjected to a series
of discharges usually 1000 unless the item detonates before
this number is reached. Composition B, tetryl, and lead
azide were tested in this manner. All these tests were
run using a 2.3-ohm series resistor. P

To study the spark sensitivity of Comp B under high
pressure, a stainless steel cylinder 3 3/4 inches long,
2½ inches in diameter, and ½ inch in wall thickness was
fitted with a cap and an "o" ring. A high voltage was
supplied to the interior by means of an electrical conductor
sealing gland (Conax Corp., Type EGT-125-A-Cu). This vessel
can maintain about 1500 psi for at least one hour with no
noticeable drop in pressure. As a preliminary to the tests
at high pressure, a squib was connected to the electrodes of
th'3 pressure bomb which was then pressurized with N2 to U
1350 psi. At a voltage of 3.4 kv and this pressure, no
spark would break. The pressure was then slowly reduced un-
til a discharge could be obtained. This did not occur until
a pressure on the order of 25 psi was reached. Tests were
therefore not run for ambient nitrogen pressures.

RESULTS

Capacitor Discharge

The distribution of energy in the series combination
of test item, control resistor, and krytron switch during

ýe capacitor discharges was determined by the procedure
described below. The photographs of the voltage traces
(See Fig 3 through 7) each represent a multiple exposure
of about five discharges; this was necessary to obtain
sufficient image intensity on the film being used.

4
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The voltage -across the spark gap of the test item

when no explosive was-present -during discharge, is shown
in-Figure 3 for circuits employing each of the four series
resistors that Were used. Similar results -were obtained
with explosive present as Traces A- in- -Figure 7 show. The

Shorizontal time scale for all four photos in Figure 3 is
20 nanoseconds/division and the vertical -scale is 1000
volts/division.. Note that-the recorded decay- trace is the
same for all four resistcrs. The-capacitor voltage (3400- I
volts) bridges the- spark gap uuntil breakdown starts. In
-about 5O- -nanoseconds- -s the sark -frms)ý, the voltage
drops to the value appropriateto the spark resistance
(a few, hundred volts-).-. This- -low- vazlueT-is- maintained- during
the far ronger balance of the capacitor discharge whose
time constant is-primarily due to-other components in the Acircuit.

In Figure 4 . the voltage is shown &crcss the series
4 combination of test item, spark -gap, and control resistor.

In A, the resistor is 2.3 ohms and the time scale is now
0.1 microsecond (100 nanoseconds) per division. Before
spark formation, the voltage is- 3400 volts. One sees first
a region dominated by spark formation(-about 50 nanoseconds).
After spark formation, a period of decay (capacitor-
discharge) occurs lasting -about 300 nanoseconds. As the
value of the resistoi- is: successively-changed to- 4.8-, 11,
and 27 ohms, one observes the classical lengthening of the
-discharge time. Note the changes ih time scale in Figfue

-4.
In Figure 5, the- voltage is shown for the res1stor

-alone. Hence-, the voltage ostarts: fromzefo (representing
no. current) and increases-uhtitil the spark -forms.- When
the spark begins to form-, theý vo-tage -rise is proportional
to the current through the resistor. At the same time,
-the rise in current represents aq-drop in the voltage of the
capacitor which is discharging-, Hence, the peak voltage
achieved is different for the four ,Values of control rie--
sistor. Alternatively, one can understand -this in terms
of the-smallest-control resistori This point is further
considered in the APPENDIX. Again in :Figure 5, one sees'with different time scales the longer decay time obtained

with the larger -control resistors-.

The voltage across the krytron and spark gap was
studied using the modified circuit-shown in Figure 2. The
spark gap was included because, without it, the measurement
instrumentation would introduce leakage adequat•eto fire
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I i
the krytron. The result is shown en Figure 6 for the 1l-ohm
control resistor. Note that the voltage before breakdown
was 3000 instead of 3400 volts. The difficulty here is
that the probe input resistor, 100 megohms, is in seriesF
with the 10 megohm resistor of the charging circuit so that
the capacitor is charged to a lower voltage because the
voltage is divided between these two resistors, The volt-
age shown in Figure 6 represents the spark and krytron
resistance as a function of time. It therefore shows a I
higher voltage at corresponding times than is shown in Fig-
ure 3 for the spark alone. The decay time seems slightly
longer (possibly because- the krytron characteristics -change
with use), but this difference is insignificant in relation
to the longer capacitor discharge times. i

i

Figure 7 shows a set of voltage traces for a test item
containing Composition B. Comparison with previous traces,
in which the test items used contained no explosives, shows
that the phenomena are identical.

Energy Considerations

The voltage-time traces presented above can now be
used to calculate the energy dissipated in the circuit
elements. The control resistor trace provides a measure
of the current common to all the series-connected circuitelements. The energy dissipated in a resistive circuit

element is given by
E =V(t)I(t)

where V(t) is the voltage across and I(t) the current 1
through the element. By dividing the time scale into
sufficiently small segments, 6t, and making use of Ohm's
Law, this equation can be rewritten as:

E 6t E M
R R(t)

where VR (t) is the voltage across the resistor R. This
expression was used to calculate the following energies:

ER -energy dissipated in zesistor (V(t) = VR(t)
from Figure 5)

EG+R -energy dissipated in spark gap and resistor
(from Figure 4. Note that Figure 3 shows
only spark formation.)

6



R (ohms) E E EG+R-ERR G+R GR E

2.3 0.150 0.177 0.027

4.8 0.175 0.191 0.016

11 0.172 0.205 0.033

27 0.232 0.254 0.022

The above data is of limited accuracy because of the
difficulty of correctly including the energy of the low
voltage tails in the graphical integration; also the reso-
lution of the voltage from the photographs is only about
+ 200 volts (due partly to the necessity of multiple ex-
posures). Further, the values for the gap energy (E+R
- E ) suffer from the inherent uncertainty of a smal! 2
difference between two much larger numbers. However, it
is only used here to show that about 10% of the total
stored capacitor energy is dissipated in the spark gap
and is therefore potentially available to cause explosive
initiation. Hence, for the tests on initiation of explo-
sives conducted with thc 2.3 ohm control resistor, it is
considered that sparks of energy of about 0.03 joules
(300,000 ergs) were applied with a time constant of about
0.2 microsecond. The traces to which these energy/time

characteristics apply are shown in Figure 7.

In all, about 60-90% of the total stored energy could
be accounted for depending on the size of the series re-
sistance. The major portion of the energy is dissipated
in the added resistor. A residual energy in the capacitor
results because, as the voltage across the krytron and the
gap drops below the sustaining voltage, the discharge stops.
A more complete discussion of this point is given in the
APPENDIX. In the last column above, any dependence on the
size of the resistor of the total energy expended in the
spark is less than the uncertainty of the experimental de-
termination.

Explosive Test Data

The results of tests conducted at ambient gas pres-
sures are summarized in Table 1. The loading pressure
used was 1300 psi because, at higher pressures, reproduc-
ible sparks could not be formed. Items loaded with Comp
B at loading pressures of 14000 and 7000 psi did not allow
a spark to break up to 4000 volts, the highest voltage tried.
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Items loaded in the range of 1700-2800 psi loading pres-
sure tended to delay spark formation for a few seconds to
a few minutes. At the 1300 psi loading pressure used in
the test, the spark formed without any problem. All the
tests were carried out in air at atmospheric pressure
using 3400 volts. In the case of lead azide, all of seven
items tested were initiated by the first spark applied
to each item. For both tetryl (5 items tested) and Compo-
sition B (20 items tested), no initiation occurred even
where 1000 successive sparks were applied to each item.
However, when individual items containing these explosi-
ves were opened after testing, considerable decomposition
of tha material where it came into contact with the squib
surface was found. In some cases, this decomposition ex-
tended to a depth of approximately 1 mm. The evolution
of gaseous products from this decomposition caused a slight
swelling in the side wall of the aluminum detonator cup.

No tests were run at high pressure because no spark
could be made to break at an ambient pressure only 25 psi
above atmospheric.

DISCUSSIONL

Simulation

This work was directed toward the simulation of one
possible cause of the premature detonation of a shell. F
However, the exact circumstances under which Composition
B would be subjected to spark energy could not be fully
defined. Ordinarily, an insulated wire passes in the
vicinity of a metal fuze housing and this wire is not
"live" in the electrical sense. However, if particular
defects exist then the wire may become "livet : during
the launching of the shell. If so, the wire may be con-sidered as connected to a 1500-picofarad capacitor charged
to up to 3000 volts. This represents 0.00675 joules.

The conditions under which a spark may occur require
further defects. The insulation must be damaged. There
may be a small gap to the metal fuze housing. There may be
a small exposed gap in the wire itself. In this work, only
the fixed small gap cases have been simulated. The initial
contact possibility for this munition has been studied by
another investigator (Boyd C. Taylor, BRL).

8-



The condition of the explosive that comes into contact
with the spark was assumed to be cast material which had
been locally worked to form a powder. The maximum setback
pressure was about 1400C psi. However, pockets could exist
within the cast material particularly near surfaces close
by the fuze housing so that powder would not be re-pressed
by setback pressures. Further, the gas pressure within
the powder and surrounding available spaces may be increased
by the deformation of the explosive under setback, but not
necessarily to the full setback pressure. (For example,
the space under an arch of a heavily loaded bridge is at at-
mospheric pressure.) AS reported hereif,, the simulation
consisted fo crushed cast Composition B re-pressed to 1300
psi which was found to be the highest loading pressure for a

which a reproducible spark would form at atmospheric pres-
sure. Increasing the ambient pressure above about 25 psi
prevented the formation of a spark at this (1300 psi) load-
ing pressure. For higher ambient pressures, one could gen-
erate a spark (for the voltages involved) only by using the
contact mechanism initially studied at BRL. The 1300 psi
loading pressure provided a porous matrix of crushed Compo-
sition B in intimate contact with the electrodes. Since the
explosive is a thermal insulator, no heat loss as compared
to loose powder is introduced by the pressing. The spark
gap length chosen, 0.03 inches, provided a reproducible spark
for the available voltage and was generally comparable to
the length of gap that might lead to a spark in the munition.

If the spark resistance was 0.1 ohm, then the discharge
of a 1500-picofarad capacitor would have a time constant
cf 0.15 nanoseconds. Providing a reproducible spark with
so short a decay and mating measurements of its performance
posed severe equipment problems. It was therefore de-
cided to provide a somewhat larger spark energy, but with
a slower decay. The method has been fully explaineA in
previous sections of this report. Note that the initial
breakdown across the spark gap still occurs in a few nano-
seconds (Fig 3); hence, the available energy or heating in
the simulation has a fast onset but lasts longer than in
the munition. The simulation conditions are considered
much more severe than those that could occur in the muni-
tion. Yet, no initiation occurred for Composition B. The
results with tetryl indicate that the mechanism is quite
unlikely to cause initiation in an explosive that is some-
what more sensitive than Comp B -(Ref 2). The lead azide
tests were run to demonstrate that the apparatus is capable
of initiating a sensitive explosive.

9
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S- Test Item

Sassembly most co•nonly used •n spark,-SThe electrode
i sensitivity testing is a metal needle and metal plane;
S• very dten the upper electrode is moving. (See Reference

3 for a survey of electrostatic sensitivity test methods,)
The sample powder is placed in a pile in line with the
moving electrode. When high voltages are used, the sam-
ple is surrounded by a nonconductive material to prevent
the discharge from bypassing the explosive.

The present work used a somewhat different arrangement
in which the two electrodes are in the same plane and a
spark was made to break across the surface of an explosive
in contact with the electrodes. It was felt that this
setup would give a more definite and reproducible confi-
guration of spark gap and explosives and be more amenable
to the multiple test procedure than the moving electrode
assembly. With the latuer, the explosive material would
be disturbed not only by the discharge, the effect of which
is discussed in the next section, but also by the penetrav
tion of the needle with unknown effects.

It was necessary to make the glass spacer longer than
the outer metal ring to increase the length of aDy possible
breakdown path at the back surface of the squib. Prelimin-

i ary work with a squib of slightly smaller dimensions and
Snot having the extended spacer resulted in breakdown across

the rear surface of the squib, when a voltagewas applied
while the front surface was in intimate contact with an
explosive.

Multiple Tests

SA premature in-bore accident is a rare occurrence.
Different, unsubstantiated hypotheses have been advanced
as causes for consideration. The electrostatic discharge
mechansim is one such hypothesis. It requires the coinci-
dence of several unlikely events to even generate a spark.
in the simulation, the existence of each spark must there-
fore itself be regarded as a low probability event. Yet,
if one wanted to assign a number to the probability one •
would have to test the effect of many sparks, perhaps
millions, on the explosive to obtain data suitable for sta-
tistical treatment. The cost involved •n materials and
time) bars such tests. However, one simplification now
to be discUssed can increase tbe number of tests at low
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cost. This is to subject a single sample to many sparks.
The problem here is to define the change induced by prior
sparks. Samples subjected to various numbers of sparks
were disassembled. It was concluded that decomposition
without initiation was occuring. At first, no evidence cf
change could be visually observed. As the number of sparks
increases, gas would be evolved, and discoloration of
the surface near the spark would occur. A-ratio of
1000 sparks per test item was chosen as the useful life of
a sample. It is believed that decomposition by a spark
without initiation is in itself a test of the initiability
of the material, albeit not of exactly the same material
as fcr the first spark. Further exploration of the effects
of multiple spark testing would be needed before this
technique could be adopted as a standard procedure.

Conclusions

The multiple tests reported in the results (20 items,
1000 sparks each) were preceded by a variety of tests of
many samples with other configurations of test item and

other circuit arrangements. In all cases, no initiation
occurred. As a rough summary, one could conservatively say
tJhat 50 samples were subjected collectively to perhaps
50,000 sparks and yielded not a single initiation. The
probability of spark initiation by the fixed gap mechanism
is considered so small that it is believed that seeking
further experimental data to determine a numerical value
is not worthwhile. Instead, emphasis should be directed to-I
ward other mechanisms, and quality control should be used
to eliminate the possibility of any electrostatic mechanism.

FURTHER WORK

The conclusions of the previous section indicate that
further work on the particular premature mechanism involved
here would not prove fruitful. However, this investigation
has suggested severa? areas in need of additional study.
For example, faster inistrumentation would allow the investi-
gation of shorter discharge periods; hence, the range could
be extended beyond the values used in this-special case.
Improved instrumentation would also permit be~cer voltage

estimates to be made from the photographs; this is necessary
for a more precise energy determination. As a check on
the procedure used here, an alternate method should be
employed to determine the energy in the spar.< gap; e.g.,
calculating the energy input by examining the shock wave
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set up by the spark.

The role of pressure and ambient gases (N2 , H2 0, 02...)
should be examined. In order to study effects at high
pressure, one would have to go to increased voltages or
a smaller gap length; this follows from Paschen's Law
(Ref 4) which states that the sparking potential is a fun-
ction of the pressure-gap length product. With regard
to pressure effects, the relationships of the results re-
ported herein to those obtained by investigators at BRL
are worth further study. The people at BR!1 have reported
initiation by the initial contact method in the presence
of ambient nitrogen pressures of about 1900 psi.

As has been pointed out in the DISCUSSION section of

this report, some of the explosive in contact with the el-
ectrode in items that had been subjected to a number of
discharges was found to be decomposed. Therefore, the
technique of multiple discharges on a single item must be
studied with a view to determining just how many discharges
can be applied and still have some of the original explo-
sive in contact with the electrode. The changes in the
surface of the explosive under successive sparks could
be monitored with the scanning electron microscope. How-
ever, one must recognize the fact that changes in, for
example, submiiroscopic electronic structure, charge dis-
tribution or nature and quantity of entrapped decomposi-
tion gases, any of which would be undetectable by the
electron microsrcope, could occur. It is not obvious, a
priori, whether such changes would make the sample more
or less sensitive to spark initiation.

The time to initiation as a function of energy or
mean power should be investigated since the rate of
application of a given amount of energy is a most important
fr.ctor influencing the ignitability of an explosive.

The distribution of the energy that is dissipated in
the spark gap is also in need of investigation. Complex
energy transfer problems exist here; for example, some
of the energy released in the gap goes into heating the
electrodes. High-speed photographic techniques can be
used to examine processes occurring at the surface of the
electrodes. Experiments of the preceding type should pro-
duce information useful not only for an understanding of
the fundamental processes involved in spark initiation but
also for development of a reliabie standardized spark sen-
sitivity test.

12
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GLASS

0.338

I0.275
BEFOPE
CRDh.P

M494 DETONATOR cup

f -0.166 - -0.1 52-

SIDE VIEWv END VIEW OF SQUIB

Fig 1 Detonator/squib assembly
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NOT REPRODUCIBLE

(A) 2.3 OHMS

(B) 4.8 OHMS

(C) 11 OHMS

(D) 27 01114

Fig 3 Voltage across spark gap duri.ng discharge.
Vertical scale: 1000 volts/division. Horigon-
tal scale: 20 NSEC/division



(A) 2.3 OHMS; 0.1 P SEC/DIVISION

(B) 4.8 OHMS; 0.1 U SEC/DIVISION

(C) 11 OHMIS; 0.2 p SEC/DIVISION

(D) 27 OHMS; 0.5 . SEC/DIVISION

Fig 4 Voltage across spark gap and resistor during dis-
charge. Vertical scale: 1000 volts/division
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F. NOT REPRODUCIBLE

(A) 2.3 OHMS; 0.1 pi SEC/DIVISION

(B) 4.8 OHMS; 0.1 p SEC/DIVISION

(C) 11 OHMS; 0.2 ' SEC/DIVISION

(D) 27 OHMS; 0.5 i SEC/DIVISION

Fig 5 Voltage across resistor during discharge. Verti-
cal scale: 1000 volts/division
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Fig 6 Voltage across krytron and spark gap during discharge.
Vertical scale: 1000 volts/division Horizontal
scale: 40 NSEC/division
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NOT REPRODUCIBLE

(A) VOLTAGE ACROSS ITEM (I. E. SPARK GAP); 20 NSEC/DIVISION

(B) VOLTAGE ACROSS ITEM AND 2.3 OHM RESISTOR; 0.1 p SEC/
DIVISION 4

(C) VOLTAGE ACROSS 2.3 OHM RESISTOR; 0.1 i SEC/DIVISION

Fig 7 Typical voltage traces for a Comp B loaded item.
Vertical scale: 1000 volts/division
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Fig 8 Current-voltage characteristic of a spark gap
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Fig 9 Schematic of discharge circuit
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APPENDIX

MATHEMATICAL MODEL OF THE DISCHARGE CIRCUIT

The purpose of this APPENDIX is to present a model
for the discharge of the capacitor through the spark gap,
the series resistance, and the krytron. Since the dynamics
of the breakdown of a spark gap are not well understood,
it is necessary to make some simplifying assumptions. The
current-voltage characteristics of the spark gap are those
of a current-controlled negative differential resistance.
The static characteristic is shown in Figure 8. The tra-
jectory of the current is determined by the series resist-
ance and the dynamics of the energy accumulation process
during initiation of the spark. The latter is a function
of the details of the gap geometry and the ambient and is
the least understood process operating in the discharge.

Experimentally, it was observed that the voltage
across the spark gap during breakdown is independent of the
series resistance; this is also assumed to apply to the
krytron. Motivated by Figure 6, we approximate the vol-
tage across both by

VG+K (Vo - Vs) et/T +Vs (Al)

where V is the initial voltage from the power supply', VS
the sustaining voltage below which the discharge will
cease due to gap or krytron ceasing to pass current and T
is a time constant. The time is measured from the initial
decrease in voltage across the gap. A delay time is ob-
served in most cases. As discussed by Loeb , this delay
is purely statistical in time. Since no current flows
during the delay time, no energy is dissipated in the cir-
cuit.

Because, with the control resistors used, the RC time
constants were larger than 100 nanoseconds, the effects of
parasitics such as the inductances in the wires were negli-
gible and the discharge circuit can be represented by the
lumped components shown in Figure 9. From Kirchoff's vol-
tage law, we have

VG+K + VR - Vo (A2)
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Substituting from equation Al and rearranging yields

dQ Q et/T
R -• + = (Vo - Vs) et + Vs (A3)
dt

where Q is the charge on the capacitor at time t and I

-dQ/dt. The solution to the homogeneous equation is

Q = Ae-t/RC (A4)

The particular solution can be found by assuming

Qpart = K1 + K2 e-t/T (A5)

and substituting into equation A3 to give

RK2 e-t/T + K1 + K2 e-t/T . (VO _ Vs)e-t/T+Vs

T C C

Equating coefficients of like terms, we find

K1 = CVs

SC-C (Vn- Vg)K2  T - RC

so that the solution of A3 is

C(VO - Vs)'Te-t/TQ=A-t/RC + CVs + (A6)
'T - RC

From the initial conditions that at t = O, Q = Qo = CV0 ,
A is found to be

-RC 2 (Vo - Vs)A=
L - RC

The current in a circuit element is given by
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I = dq =-d_ (Qo-' Q)=_dQ !
dt dt dt

so that
-dd C(Ve -Vs) (et/Re tiT) (A7)Iidt RC-T

The energy in the gap and krytron is aiven by

EG+K f S YG+KIdt (A8)

Substituting the expressions for VG+K and I from Al
and A8 and integrating gives

EG+K = CVs (V° - Vs) + C(V( - VA9)"2 (RC + T)

Similarly, the energy dissipated in the resistor

ER fVR Idt =f I 2 Rdt

is

ER C (V, - V ) 2  RC
RC+T (AlO)

2

The sum of equations A9 and A10 is

E +2 2 2

SG+K + ER =C(Vo Vs2).

This is the energy expended in the gap + Krytron + resistor;it is the initial energy in the capacitor m nus the energy

left in the capacitor after discharge. CVs /2 is the energy
left in the capacitor: when the voltage drops below V.,
no more breakdown occurs.

At this point, it will be instructive to compare some
predictions of the model with experimental findings. In
Table 2, we list calculated values for ER, EG+K, and tmax;
and the time to reach maximum current along with the experi-
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mental value ti.... For all the calculations, the value of
T, approximated from Figure 6, was taken as 32 nanoseconds,
while Vs was estimated to be about 200 volts. The time
to maximum current is found by setting the time deriva-
tive of equation A7 equal to zero and solving for t. Thus
we have

tmax tRC ln (R-C) (All)tma =RC----T

From the second and third columns of Table 2, it is apparent
that there is at least qualitative agreement between calcu-
lated and experimental times; this agreement becomes better
with increasing value of the control resistor. The experi-
mental values were obtained from pictures similar to those
of Figure 5, but run at slower sweep rates (0.5 microsecond/
div) so that there would be a sharper peak.

For a sufficiently large resistor, it is obvious from
equations AS and A10 that both EG+K and ER are independent
of the control resistor. This implies that the energy in
the spark gap is also independent of the control resistor-
a fact in agreement with the results reported by Moore, et.
al. (Ref 6), who found that a reasonably constant value of
about 10% of the stored energy appears in the spark gap
when resistors of 103 to 107 ohms were placed in series.

As Figure 5 shows, the magnitude of the voltage across
the resistor does not reach the applied voltage (3400 volts);
this is particularly evident for the smaller resistors.
The following arguments offer some insight into this be-
havior. In the first place, the spark gap and krytron both
have resistances which are in series with each other and
with that of the control resistor. Hence, when the voltage
across the control resistor is measured, there is a voltage
divider effect, which tends to reduce the measured voltage.
Since the overall resistance of gap krytron after break-
down is at most of the order of a few ohms, i.e., comparable
in magnitude to the smaller resistances, the reduction is
greater for the smaller control resistors. This voltage
divider effect could be corrected for if one knew the time
dependences of the resistances of the spark gap and of the
krytron. Unfortunately, we do not know the individual val-
ues for these resistors, and a crude attempt to determine
their combined value gave varying results depending on the
control resistor used. A further complication is the fact
that the voltage divider effect is not the only factor
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affecting the peak voltage. As has been mentioned in the
RESULTS section of this report, the discharge rate also
affects the peak voltage achieved. With a zero or small
resistance in the discharge circuit, the current initially
builds up to. a very high value since there is little re-
sistance to limit it. A good deal of the energy stored
in the capacitor goes into initiating the breakdown and
by the time the spark is fully developed very little energy
is left and therefore little voltage results across the
resistor. On the other hand, a large resistor keeps the
initial current down and slows down the discharge so that
most of the energy gets into the gap after initiation.

Eguation A9 lends some support to the above argument
if we associate the second term on the right hand side
with the energy necessary to initiate the spark, i.e.,
both the spark gap and the krytron. Values for this term
are listed in the last column of Table 2, headed EI - the
initiation energy. We see that, as the value of the control
resistor increases, the energy expended in initiating the
spark decreases; therefore more energy gets into the
later stages of the discharge.

The first term on the right-hand side of equation A9
is a measure of the energy spent in both the spark gap
and the krytron after initiation. It is independent of
resistance and, for the experimental quantities used in
this workamounts to some 0.032 joule. The experimentally
determined spark gap energies (EG+R-ER, page 8) are cal-
culated from quantities that were measured over time dura-
tions that were long when compared to those involved in
spark initiation and therefore should not be too much in-
fluenced by the initiation energy. These results are seen
to iie in at least qualitative agreement with the value of
0.032 joule for the first term of equation A9. It must be
emphasized that the measured energies are for the spark gap
alone while the calculated energy contains a contribution
from the krytron. For the present model, it is not possible
to separate gap energy from that of the krytron. However,
one possible interpretation of these results is that most
of the available energy (0.032 joule) is expended in the
spark gap and very little in the krytron.
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